A comparative study has been carried out to assess the accuracy of the Digital Image Correlation (DIC) technique for the quantification of large strains in the microstructure of a Interstitial Free (IF) steel used in automotive applications. A microgrid technique has been used in this study in order to validate independently the strain measurements obtained with DIC. Microgrids with a pitch of 5 microns were printed on the etched microstructure of the IF steel to measure the local in-plane strain distribution during a tensile test carried out in a Scanning Electron Microscope (SEM). The progressive deformation of the microstructure with microgrids has been recorded throughout the test as a sequence of micrographs and subsequently processed using DIC to quantify the distribution of local strain values. Strain maps obtained with the two techniques have been compared in order to assess the accuracy of the DIC measurements obtained using the natural patterns of the revealed microstructure in the SEM micrographs. Although results obtained with the two techniques are qualitatively similar, therefore demonstrating the reliability of DIC applied to microstructures, even after large deformations in excess of 0.7. However, an average error of about 16% was found in the strain values calculated using DIC.
Introduction
The development of reliable models of deformation and damage of microstructures of materials requires insight from experimental techniques that are capable of quantifying strain distributions at the local scale [1] . The micro-scale deformation of materials has been mostly studied through the observation of microstructural evolution using different techniques including in-situ mechanical testing combined with strain measurements at a microscopic scale [2] [3] [4] [5] with the aim to relate local strain distributions within microstructural constituents to identified deformation mechanisms [6] [7] [8] . Allais et al. [9] developed a technique to measure strain distributions from the distortion of microgrids laid onto the surface of dualphase materials , i.e. iron/silver and iron/copper alloys, using tensile specimens deformed in a SEM. The electron beam lithography technique was used to print microgrids of gold dots with a pitch of 5µm. Other methods including electro-polishing [10] , photolithography [11] , electro-resist method [12] and deposition [13] have also been used to print microgrids onto the surface of materials in order to measure strain distributions due to plastic deformation [10, 14] as well as strain fields around a crack tip [15] with different resolutions. According to one study [9] , the microgrid technique enables to accurately measure strain distributions in the microstructure of a deformed material since microgrids directly follow the very local deformation of microstructures. Despite its accuracy, the application of the microgrid method is limited as a result of technical difficulties associated with the production of sub-micron grids [16] . The DIC technique has been used to overcome the problems associated with the production of grids and has been successfully applied to both macro and micro scales studies as a non-contact method to measure strain distributions in deformed specimens [17] [18] [19] [20] [21] . Sun and co-workers [22] developed a procedure with a displacement accuracy of about 1µm to measure the in-plane microscopic deformation of an aluminium alloy during tensile deformation. They analysed optical micrographs of the surface of the deforming sample using the DIC technique to obtain strain maps of the analysed region with strain values up to 5 micro-strains. In recent years, the DIC technique has been widely used to quantify the microstructural deformation [2, 8] . However, the application of random speckle patterns is practically restricted at this scale, therefore SEM micrographs have been used together with DIC [8, 23, 24] to measure strain distributions within the microstructure of both dual [2] and single [5, 24] phase materials, where the microstructure itself was used to correlate the images.
Although several developments have been made over the years to improve the algorithms for image processing, e.g. [21, 25, 26] , few studies have been carried out to validate the strain field measured at the microstructural scale, especially under large deformation, through a comparison with results obtained from a separate experimental technique [21] .
Jin et al [27] investigated both the grid method and the DIC technique to measure the discontinuous displacement field around the tip of a propagating crack at relatively low magnifications. The applied deformation was in the range of linear elastic deformation and no quantitative comparison was made between the results obtained from DIC and those obtained with their grid technique.
Even though some work has been done to assess the accuracy of the measured displacement field with the DIC technique [18, [28] [29] [30] , no quantitative analysis has been done in the case of very large local deformation to the authors' knowledge.
Kang and co-workers [5] performed a comparison study to verify the accuracy of strain values measured using DIC during an in-situ tensile test where the microstructure of the specimen was used to correlate the images. They compared average strain values determined by DIC with an initial gauge length of about 100 µm with those calculated by measuring the change in indent spacing that were initially 0.25 mm apart, made on the surface of the specimen. Although they showed that for the 25 % applied strain the difference in measured global strain value was about ±10 % between the two methods, the local strain values were not considered in the comparison.
The present study has been carried out to quantify strain values at the scale of the microstructure of a single phase automotive steel during in-situ tensile testing using both DIC and microgrid techniques in order to assess the accuracy of the strain measurements obtained with DIC.
Experimental procedure
In order to investigate the reliability of local strain maps determined with the DIC technique, an in-situ tensile testing procedure developed by the authors [31] has been used. The microtensile specimen, Fig. 1 -a, is loaded inside the chamber of a SEM while micrographs of the deformed microstructure are taken at regular intervals. The images are then processed using the commercial DIC software LAvision using the natural pattern of the microstructure in order to compute strain values. The methodology enables the determination of local strain values at the surface of tensile specimens up to final fracture. A commercial IF steel produced as sheets with a thickness of about 1 mm was used to manufacture the specimens, Fig. 1-a . The material is a single-phase ferritic steel and is used to produce car body panels. The great ductility of the IF steel results in large elongation to fracture and therefore, very large strain values are experienced during the tensile test. The surface of the specimen has been mechanically polished and chemically etched with the Marshall's etchant [32] for about 5 seconds prior to the tests in order to reveal the microstructure of the material. Fig. 1 shows the specimen and a scanning electron micrograph of the revealed microstructure. The micrograph of the etched specimen shows the optimal conditions found in terms of contrast generated at the grain boundaries in order to process the SEM images using DIC. After etching, Electron Beam Lithography technique [6, 9] has been used to lay square microgrids of gold with a pitch of 5 microns on the surface of the specimen. The distortion of the grids during the test is used to determine the in-plane components of the local deformation gradient tensor under the framework of large strain deformation. The local true plastic strain maps are then calculated according to the procedure given in [6] .
The tensile test has been carried out at a displacement rate of 2.66 µm s -1 with steps of 30µm. After each step, the test was interrupted and the specimen was moved to its initial position to have the same observation region inside the SEM chamber and a micrograph of the deformed microstructure was taken. The commercial package LaVision [33] has been used to perform the DIC analysis on the micrographs of the deformed microstructure. The selected region for the DIC analysis covers an area of about 219µm × 163µm at the very centre of the gauge section of the tensile specimen. A multi-pass algorithm [33] was used to perform the image correlation. In the first pass, a square interrogation window with a size of 63 µm × 63 µm was selected, while a 7.86 µm × 7.86 µm window, corresponding to 32 × 32 pixels in the micrograph, was used in the second pass. The overlap between two adjacent windows was 25% and 50% for the first and second passes respectively. As a result a spatial resolution of about 6 µm was achieved, which also corresponds to the gauge length used in the DIC technique for strain calculations. This combination of optimized parameters was selected to obtain a gauge length as close as possible to that of the printed microgrids in order to achieve a reliable comparison between the measurements obtained from the two independent techniques [33] . The strain values were computed from the in-plane displacement field obtained from the DIC analysis. The tensile test was stopped in the middle of the post uniform plastic deformation due to the large amount of out of plane deformation experienced in the selected region of the microstructure. This out-of-plane deformation caused a large variation of contrast and brightness in the micrographs that was indeed detrimental to the correlation results. The last micrograph taken was used to plot the total in-plane plastic strain maps on the deformed configuration of the microstructure. The strain maps determined by using the DIC and microgrid techniques have then been compared to assess the accuracy of the strain values computed using DIC on micrographs.
Results
The load-elongation curve recorded during the test from the tensile stage is shown in Fig. 2 . The small drops in the tensile load correspond to the stress relaxation experienced by the specimen, assuming that the apparatus is rigid compared with the specimen, due to regular interruptions of the test in order to record the images. Figure 3a shows the undeformed grids before the test while Figure 3b shows the extent of deformation after an applied strain value of about 0.73 over the region of the microstructure selected for strain analysis. 
Digital Image Correlation
Fig . 4 -a shows the severe deformation localisation and local shearing of the microstructure after the applied strain, wherein shear bands and even sharp linear slip lines are well visible in the distorted microgrids. Fig.4-b shows the result of image correlation for displacement vectors superimposed onto the microstructure after an applied true strain of 0.73. This was the maximum value for which the correlation worked. The colour scale in Fig. 4-b shows the displacement distribution of the pixels located at the centre of the interrogation windows. The map indicates that despite a severe deformation localisation within the microstructure (Fig. 4-a) , a good correlation has been obtained during the image processing using the optimum parameters found after several trial and errors.
(a) (b) Fig.4 (a) (1) is the total displacement vector for the pixel at the centre of each interrogation window in the first image, and r is the vector defining the undeformed grid size that is also the size of the gauge length for strain measurements. It is assumed that the elastic strains are negligible for large deformation and as a result, true strain values are calculated according to equation (2) where E is the engineering strain obtained from the total displacement vector calculated for the final image with reference to the undeformed configuration and is the true strain value. The computed strain maps for true ( yy ) strains along the loading direction superimposed onto the deformed microstructure are shown in Fig.5 . The maps show that deformation within the microstructure of the tested material is heterogeneous with deformation bands observed at about 45° with respect to the loading direction. The obtained strain distributions show a reasonable agreement with the distortion pattern of the microgrids. Although Fig.4 showed that a good correlation was achieved, there are some parts of the strain map where the correlation has been lost due to severe deformation and changes in the gray contrast of the micrographs that occurred at the end of the test. Local strain values as large as 0.7 and 0.98 for the true and engineering strains, respectively, are measured whereas neighbouring grains experience local strain values smaller than 0.1. Such a large variation in strain values might be due to the effect of grain orientation in the microstructure of the IF steel.
The microgrid technique
Grids laid on the microstructure deformed during the in-situ tensile test and analysed using DIC have been used to directly measure strain values for an independent comparison.
Local in-plane true strain values have been computed using the deformed configuration of the microgrids according to the large deformation theory reported in [9] . The undeformed configuration of the grids is known before the test and the deformed configuration is determined by pinpointing the position of the grids intersections. The in-plane deformation gradient tensor, equation (3), can be decomposed into a rigid rotation tensor R and a distortion tensor U, equation (4).
The vector coordinates in the deformed and undeformed configurations are denoted by x i and X i for i=1,2 , respectively. U can be diagonalised in an orthogonal base using the following equation:
The logarithmic strain tensor is then computed from the diagonalised distortion tensor according to equation (6), where D represents the diagonal tensor and Q is a tensor giving the orientation of the principal directions of the distortion. ln (6) Fig. 6 shows the distribution of measured strain values along the loading direction for the same region as that shown in Fig.5 . A similar colour scale has been used to simplify the comparison.
Fig.6 True plastic strain map obtained from the analysis of the deformed microgrids
The comparison of Fig.5 and Fig.6 shows that the strain map produced for the deformed microstructure by using DIC is in good qualitative agreement with the result obtained from the microgrid technique in terms of strain distribution patterns. However, the strain values are under-determined from the DIC technique. The difference in strain values results from the errors associated with the micrographs quality, electron beam effect, correlation algorithm as well as errors inherent to strain calculations using the microgrid technique, which is explained in the next section.
Discussion
The experimental procedure developed in this work has allowed strain maps to be produced after a large amount of deformation at the scale of microstructure. The microgrid technique provides an opportunity to assess the reliability of the strain measurements obtained using DIC at such fine scale.
A qualitative comparison of the strain maps obtained from the two techniques, Fig.5 and Fig.6 , shows that the strain distribution pattern measured by the DIC technique matches the one that obtained using the microgrid technique. The difference in the measured strain values is related to the errors associated with the DIC and the microgrid techniques. These are: a) the uncertainty in pinpointing the deformed grids intersections to measure the strain distribution, E G , b) errors due to beam shift in electron microscopy [28, 29] , E B and c) the errors associated with the correlation algorithms in DIC [34] .
An undeformed set of microgrids, Fig. 7 -a, was used to quantify E G as the maximum error value generated when clicking on grid intersections following the procedure described in [6] . The resulting strain map is shown in Fig. 7-b and shows that the error in the measured strain values is distributed over the analysed region. A maximum absolute error value of 0.022 has been recorded and is therefore negligible compared to the large strain values of the order of 1 measured during the tensile test.
(a) (b) Fig. 7 (a) Undeformed microgrids and (b) the corresponding strain map used to measure E G The beam shift error occurs due to a time-dependent drift of the electron beam during scanning electron microscopy, which creates a generic and random error that is more prominent at higher magnifications [28] . Two micrographs of the undeformed microstructure taken with a time interval equal to the imaging time of the test, approximately 3 minutes, have been analysed with DIC to quantify the maximum error in the measured strain values due to the beam shift, E B . Fig. 8 shows the resulting strain map with a maximum absolute strain value of 0.004, which is negligible compared to the strain values recorded during the test. This is likely to be due to the magnification selected to record the images, which is relatively low (about 500X) as the lower the magnification, the smaller the beam shift and consequently the smaller the error in strain measurement [28, 29] . Fig. 8 The strain error due to the electron beam shift determined with DIC The total error for strain values calculated using DIC have been estimated by computing the difference between the strain maps obtained for DIC (Fig. 5) and microgrids (Fig. 6) techniques. The error values obtained from Fig. 7 and 8 have also been included in the calculations and results are shown in Fig. 9 . Average strain values determined by both the DIC and microgrid techniques along the various rows of the deformed microgrids have also been calculated to compare the strain distribution pattern, Fig. 9 -a. The error distribution curve in Fig. 9 -a corresponds to the difference between the average strain values calculated with the two techniques and the broken line represents the total average error for the entire region. Fig. 9 -a indicates that the strain distributions in the microstructure obtained from both techniques follow a very similar pattern. However, the DIC technique under-determines the strain values with an average error of about 16% for the amount of deformation applied during the test on IF steel. Similar error levels are also reported in the literature even for smaller applied strain [5, 23] and infinitesimal strain values [18] . The error distribution map superimposed onto the deformed microstructure in Fig. 9-b shows that the largest errors are located where deformation is highly localized in the microstructure with shearing taking place, as highlighted by arrows in Fig. 3-b. Here the local error values as high as 34% are obtained when using DIC. The error distribution pattern in Fig. 9-b indicates that the accuracy of the correlation process is reduced due to severe deformation localization associated with the emergence of local shear bands that affect the pattern tracked by the software as well as the local conditions of brightness and contrast. Despite the identified errors in the strain calculations from the DIC technique at the scale of microstructure, it is found that in the absence of severe local shearing, the technique can produce local strain measurements of a reasonable accuracy with mean error of about 16% for an applied tensile strain of 0.73 on IF steel.
The similarity of the strain distribution patterns between DIC and microgrid techniques shows that DIC measurements can reliably provide qualitative information about strain localization at the local scale and therefore, can help the understanding of microstructure evolution leading for instance to damage in the material. However, strain values, which depend on the selected correlation parameters, can be subjected to very large errors that can only be estimated using independent techniques.
Conclusions
Both DIC and microgrid techniques have been used to analyse the large local deformation of a single phase automotive steel at the scale of its microstructure during in-situ tensile testing.
Local strain values of up to 0.9 and 0.7 have been measured using the microgrid and DIC techniques respectively for an applied global strain of 0.73. A procedure has been developed to quantify errors associated with the DIC strain measurements when the microstructural features of the material are used for the image correlation. Results have revealed that the strain distribution patterns obtained from DIC are in a reasonable agreement with those determined by using the microgrid technique. However, an average error of about 16% in strain values was found over the entire analysed area and a maximum error of about 34% was observed where the deformation is highly localized. The practical range of error values was found to be 0-34% for the analysed region. These results show that the DIC technique can be used to measure local strain values at the scale of microstructure with reasonable accuracy. However, independent techniques such as microgrids are needed to estimate errors for more quantitative measurements.
